Abstract: This review aims to highlight the various significant matters in glial research stemming from personal work by the author and associates at the Unit of Applied Neurobiology (UNA, CEMIC-CONICET), and some of the pending questions. A reassessment and further comments on interlaminar astrocytes-an astroglial cell type that is specific to humans and other non-human primates, and is not found in rodents, is presented. Tentative hypothesis regarding their function and future possible research lines that could contribute to further the analysis of their development and possible role(s), are suggested. The possibility that they function as a separate entity from the "territorial" astrocytes, is also considered. In addition, the potential significance of our observations on interspecies differences in in vitro glial cell dye coupling, on glial diffusible factors affecting the induction of this glial phenotype, and on their interference with the cellular toxic effects of cerebrospinal fluid obtained from L-DOPA treated patients with Parkinson´s disease, is also considered. The major differences oberved in the cerebral cortex glial layout between human and rodents-the main model for studying glial function and pathology-calls for a careful assessment of known and potential species differences in all aspects of glial cell biology. This is essential to provide a better understanding of the organization and function of human and non-human primate brain, and of the neurobiological basis of their behavior.
Introduction
Following retirement from active laboratory work, a change in the experimental line of research at the Unit of Applied Neurobiology (UNA, CEMIC-CONICET) laboratories-at present aimed at studying more decisively neurocognitive issues-has provided the opportunity to propose this sort of brief account and reassessment of unresolved and pending questions on "glial issues" that were dealt with in our neurobiological laboratory in recent decades. This personal viewpoint is intended to stress and revisit several aspects of our own observations on glial physiology and comparative studies, which are aimed at encouraging further research in the field.
Thorough updates, comprehensive reviews, and inspirational thoughts on other related aspects of glial physiology can be found in Kettenmann and Ransom (2005) , Verkhratsky and Butt (2013) , and Verkhratsky and Nedergaard (2018) [1] [2] [3] , as well as in numerous individual articles, for it, seems evident that experimental research on neuroglia has entered an era of further fertile analysis. Yet, as it will be considered later, caution and weighed decisions should be exerted in attempting interspecies extrapolations-in the present context referred to brain glia-and building our understanding of human and non-human primate brain organization and phyisology based on what can be considered Note dense packing of glial fibrillary acidic protein-immunoreactivity (GFAP-IR) astroglial processes, the relative height of the band of processes and the frequent appearance of slender bulbous endings. Broken line indicates the limit of lamina I. Scale bar; 100 μm (Adapted from Figure  1 in [9] ).
The expression of interlaminar glia among orders and species, according to our screening of available samples and histological identification procedures, is incipient-they take form of isolated events-in the prosimian lemur (no brain samples were available at that time from galago and tarsier), it is absent in Callithricidae (marmosets and the tamarins), constant and yet variable in its palisade expression in Ceboidea (New World monkeys), and fully expressed in Cercopithecidae (Old World monkeys) and Hominoidea (great apes and humans) [4] [5] [6] [7] [8] . Their original development in primates possibly relates to point mutation or epigenesis-predating some of the factors that are hypothetically linked to the later increase in brain size (e.g., expensive tissue hypothesis of Aiello and Wheeler [10] ; socio-ecological hypothesis of Dunbar [11] and other convergent hypotheses on brain size evolution in humans). The author considers that its emergence is probably associated with the less promoted-in terms of evolutionary impact on brain function-development of columnar organization of the cerebral cortex, which remains to be further comparatively explored in terms of distributed neural circuits (or modules) and of its impact on cerebral cortex information efficiency (response speed, unit assembly synchrony, cognitive fluidity). In this respect, the possibility that they contribute to a "non-territorial" management of the cerebral cortex intercellular space and intercellular interactions should be analyzed. Consequently, whether they are coupled or not to The expression of interlaminar glia among orders and species, according to our screening of available samples and histological identification procedures, is incipient-they take form of isolated events-in the prosimian lemur (no brain samples were available at that time from galago and tarsier), it is absent in Callithricidae (marmosets and the tamarins), constant and yet variable in its palisade expression in Ceboidea (New World monkeys), and fully expressed in Cercopithecidae (Old World monkeys) and Hominoidea (great apes and humans) [4] [5] [6] [7] [8] . Their original development in primates possibly relates to point mutation or epigenesis-predating some of the factors that are hypothetically linked to the later increase in brain size (e.g., expensive tissue hypothesis of Aiello and Wheeler [10] ; socio-ecological hypothesis of Dunbar [11] and other convergent hypotheses on brain size evolution in humans). The author considers that its emergence is probably associated with the less promoted-in terms of evolutionary impact on brain function-development of columnar organization of the cerebral cortex, which remains to be further comparatively explored in terms of distributed neural circuits (or modules) and of its impact on cerebral cortex information efficiency (response speed, unit assembly synchrony, cognitive fluidity). In this respect, the possibility that they contribute to a "non-territorial" management of the cerebral cortex intercellular space and intercellular interactions should be analyzed. Consequently, whether they are coupled or not to "local-territorial-astrocytes" could add to the characterization of their physiological role(s) and integration into the cerebral cortex processing.
It seems apparent that brain evolution among anthropoid primates has proceeded in a series of continuous structural and functional-neurotransmitter and receptor dynamics for once-deletions and aggregates, which were not exclusively confined to neurons (see e.g., [12] ). Among them, appearance of interlaminar astrocytes would represent an evolutionary-"primate-specific"-brain cell trait added to the "general mammalian" brain glial cell family, as suggested by Colombo and colleagues [4, 7, 8] . Although functional insertion of interlaminar astrocytes into cerebral cortex organization remains highly speculative (see below), their ontogenetic development and some interactions and responses following experimental procedures and pathologies, provide grounds for further research inquiries and analysis.
One important obstacle to experiments aimed at advancing into the general understanding of human brain evolution and organization, resides in the limited access to extant anthropoid species for comparative research purposes-for interlaminar astrocytes are not a "general mammalian" event. In order to minimize the need for more general invasive protocols, perhaps the use of biopsic material would help to bypass such limitation, besides the possibility of novel methodological imaging approaches. Overcoming these problems is imperative, because the positive selection of interlaminar glia in the primate order calls for a full characterization and understanding of its role in cerebral cortex function.
It may be opportune to state upfront that although other laboratory species provide valuable insights into "general mammalian" brain organization and evolution, the above-mentioned limitation generates an unavoidable and objective conceptual "gap" when extrapolating results from non-primate mammals to primates. Such consideration arises since the subtle, bioelectric, ionic/molecular dynamic interactions with cellular receptors operating in a particular brain organization is what provides the finely tuned scaffolding-besides structural or hardware connectivity-for the generation and expression of the characteristic complex and fluid human cognitive and emotional (manifest or introspective) behaviors. In this regard, further advances in the comparative-neuronal and glial-analysis within the primate order-specifically with genetically close extant species-seems critically needed. Perhaps, following the historically theoretical preeminence of the "neuronal doctrine", most studies have been performed on these cells in anthropoid species, generating a clear gap with respect to advances made on glial cells.
In such respect, although not intended to be reviewed here, numerous studies regarding associated neuronal and behavioral issues have been performed in primates by several authors. In particular, for example, some recent studies on the comparative distribution of neurotransmitter receptors in the brains of humans and extant primate species were reported by Zilles and colleagues [13, 14] , as well as comparative genetic studies by Pu et al. [15] , Muntané et al. [16] and Mitchell and Silver [17] . Yet, the ethical limitations on the experimental use of primate species, and the needed minimization of invasive actions to be taken on them, as well as added limitations imposed on the inclusion in experimental protocols of extant species of great apes-mostly those genetically closer as Pan troglodytes and Pan paniscus (chimpanzee and bonobo, respectively)-calls for developing imaginative and minimally invasive research tools and procedures. The "handicap" of glial cells in terms of lacking readily in situ detectable bioelectric signals adds to the limitations on this field of the neurosciences.
At any rate, as pointed out by several authors (e.g., [4, 12, 18] ), it has become unavoidable to include the spectrum of glial cells into theoretical constructions of brain evolution and organization. Certainly, this stage has been built following studies based on the access to laboratory rodent species. But time has come to work on new approaches and theoretical models to avoid known limitations to expand glial research into primates.
Developmental studies tracing the ontogenetic cellular origin of interlaminar glia remain missing. In the human brain, the developmental expression of interlaminar glia takes place during early postnatal life, following a period of "physiological astrogliosis" by 20-40 days of postnatal life, and attaining the adult-like configuration of interlaminar astrocytes by the second month of life [19] . Genetic analysis following the isolation of these cells could instigate detailed studies of their evolutionary origin and cell lineage.
The soma of interlaminar glial cells is closely apposed to the glia limitans and its short superficial processes are probably functionally associated with the subarachnoid space [9] . This layout suggests that their most superficial aspect could be linked to exchange with the pial vasculature/subarachnoid space, while their distal ending-usually a slender bulbous formation-has been shown [20] to be connected to a blood vessel (Figure 2 ) or "floating" in the intercellular space. Hence, a role in "fast sink" operations appears as a possibility, besides ion exchange through the membrane of its long interlaminar processes. This glial morphotype rather than engulfing synaptic terminals and intimately interacting with them as the type of layout reported by Grosche et al. [21] for parenchymal astroglia, interlaminar processes would appear to "navigate" in the extracellular space, perhaps monitoring and regulating ionic/molecular imbalances. In this regard, their membrane dynamic characteristics remain to be determined. It would be of significant interest to establish whether this type of glia is independent from the astroglial syncytia, and whether they form a parallel network that is perhaps interconnected at the subpial level. However, our attempts to analyze possible dye coupling of interlaminar glia-in samples from a non-human primate-failed due to technical reasons (previous exposure to an antifreeze medium for transport of fresh sections affected membrane permeable characteristics), and the limited number of sections to work with. and attaining the adult-like configuration of interlaminar astrocytes by the second month of life [19] . Genetic analysis following the isolation of these cells could instigate detailed studies of their evolutionary origin and cell lineage. The soma of interlaminar glial cells is closely apposed to the glia limitans and its short superficial processes are probably functionally associated with the subarachnoid space [9] . This layout suggests that their most superficial aspect could be linked to exchange with the pial vasculature/subarachnoid space, while their distal ending-usually a slender bulbous formation-has been shown [20] to be connected to a blood vessel ( Figure 2 ) or "floating" in the intercellular space. Hence, a role in "fast sink" operations appears as a possibility, besides ion exchange through the membrane of its long interlaminar processes. This glial morphotype rather than engulfing synaptic terminals and intimately interacting with them as the type of layout reported by Grosche et al. [21] for parenchymal astroglia, interlaminar processes would appear to "navigate" in the extracellular space, perhaps monitoring and regulating ionic/molecular imbalances. In this regard, their membrane dynamic characteristics remain to be determined. It would be of significant interest to establish whether this type of glia is independent from the astroglial syncytia, and whether they form a parallel network that is perhaps interconnected at the subpial level. However, our attempts to analyze possible dye coupling of interlaminar glia-in samples from a non-human primate-failed due to technical reasons (previous exposure to an antifreeze medium for transport of fresh sections affected membrane permeable characteristics), and the limited number of sections to work with. The possibility of vesicular transport as reported by Potokar et al. [22] for rodent glia should also be considered.
Attainment of final length, density and palisade display of interlaminar processes (Figure 1 ) depends on species and subspecies characteristics: for example, some New World monkeys could present a non-systematic, patchy and more scattered or unpredictable palisade, such as is the case of Cebus paella (tufted capuchin), while a more typical palisade occurs in Saimiri boliviensis (black-capped squirrel monkey). According to experimental data, the presence and length of interlaminar processes are significantly affected by interaction with thalamic cortical afferents, at least in areas that are related to the visual system [23] and spinal cord somatosensory input [24] .
What are the signals involved in determining the characteristics of the palisade? Physiological signals driving morphological changes of interlaminar processes under the reported conditions remain undetermined. Whether effects on interlaminar glia (Figures 3 and 4) represent a trophic or regulatory role of thalamic afferents, or an indirect one through their cerebral cortex projections on neuronal activity [25, 26] , remains an open question. The disruption of the interlaminar cortical The possibility of vesicular transport as reported by Potokar et al. [22] for rodent glia should also be considered.
What are the signals involved in determining the characteristics of the palisade? Physiological signals driving morphological changes of interlaminar processes under the reported conditions remain undetermined. Whether effects on interlaminar glia (Figures 3 and 4) represent a trophic or regulatory role of thalamic afferents, or an indirect one through their cerebral cortex projections on neuronal activity [25, 26] , remains an open question. The disruption of the interlaminar cortical palisade after 11-13 months following spinal cord transection-with a lack of evidence of additional astrogliosis-and a somewhat "wavy" individual process display [24] , suggests a rather long-term impact on the rearrangement of the local neuropil, or that it acquired a new steady state condition following lesioning, with loss or perturbation of the original columnar arrangement, and perhaps sharing an expanded spatial monitoring due to local disruption of the columnar modules.
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The description of the "wavy" terminal (15-30 µm in length) segment [5, 19] in interlaminar glia ( Figures 5-7) usually shows a tortuous "corkscrew" shape that was tentatively interpreted as a local increase in membrane surface, as it also was considered to be its normally slender bulbous ending (10-15 µm in diameter), in some cases being associated to blood vessels [20] . The presence of a mitochondrion embedded in its terminal implies a specific local energy requirement associated with ionic/molecular exchange mechanisms or possibly general terminal structural maintenance. These bulbous terminals acquire larger and sometimes even "massive" proportions (30 µm in diameter) with ageing and in Alzheimer´s disease, thus possibly representing a maladaption to such conditions, also observed, for example, in Albert Einstein´s brain samples [6, 29] .
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Applying lucifer yellow dye coupling procedures comparative studies were performed in human, non-human primate, and rat cerebral cortex astroglial cell cultures. Their hypothetical role in cerebral cortex modularity was analyzed following initial observations on cell coupling in the cerebral cortical and striatal cells from Cebus apella (tufted capuchin) monkeys, demonstrating its functional preservation following freezing and thawing procedures [33] . Later, a comparison between rat, monkey, and human cell cultures from regional brain samples that were obtained at early ages and stored deep frozen, was undertaken by Lanosa et al. [34] . Rat striatum and cerebral cortex showed different coupling characteristics. Significant differences were observed in dye coupling between rodent and human brain cortical cells in in vitro conditions (Figure 8 ), which were suggestive of a comparatively reduced diffusion of dye coupling in human samples. It remains to be proven that these observations hold true in situ using brain slices. Should it be confirmed, it could be speculated that in Homo there is less tendency to spread cell coupling, which would aid in limiting spatial compromise of ionic/molecular perturbations and hence contribute more precise spatial (modular) characteristics, through reduction of glial territories. 
Applying lucifer yellow dye coupling procedures comparative studies were performed in human, non-human primate, and rat cerebral cortex astroglial cell cultures. Their hypothetical role in cerebral cortex modularity was analyzed following initial observations on cell coupling in the cerebral cortical and striatal cells from Cebus apella (tufted capuchin) monkeys, demonstrating its functional preservation following freezing and thawing procedures [33] . Later, a comparison between rat, monkey, and human cell cultures from regional brain samples that were obtained at early ages and stored deep frozen, was undertaken by Lanosa et al. [34] . Rat striatum and cerebral cortex showed different coupling characteristics. Significant differences were observed in dye coupling between rodent and human brain cortical cells in in vitro conditions (Figure 8 ), which were suggestive of a comparatively reduced diffusion of dye coupling in human samples. It remains to be proven that these observations hold true in situ using brain slices. Should it be confirmed, it could be speculated that in Homo there is less tendency to spread cell coupling, which would aid in limiting spatial compromise of ionic/molecular perturbations and hence contribute more precise spatial (modular) characteristics, through reduction of glial territories. For the aforementioned experiments, the ages that were examined were developmentally early, as determined by the availability of samples from human and non-human primates, using cerebral For the aforementioned experiments, the ages that were examined were developmentally early, as determined by the availability of samples from human and non-human primates, using cerebral cortex astroglial culture stocks of rat (five-day-old male), monkey (three-month-old male) and human (six-month-old female; intrasurgical sample) from postnatal origin, kept frozen under N 2 -atmosphere until they were used [34] . Hence, an effect of age cannot be overlooked. Yet, the results open up an intriguing additional potential difference in glial functional (coupling) characteristics among mammalian species.
Glial Cells in Subcortical White Matter: Elements of a Subcortical, Distributed Information Neural Control Circuit?
An additional issue regarding the roles of glial cells in the regulation of information transfer is whether the so called subcortical "interstitial" (neuronal and glial) cells are solely residual (neurons) and maintenance (glia) of projection and association fibers, or they are part of regionally distributed, subcortical, neuron-glial networks, with a role in the control of information transfer probability through such axonal fibers. This matter has been further discussed in [35, 36] , and the regulation of timing and signal transfer probability in the subcortical white matter alternatively considered. This possibility calls for adequate experimental testing.
Diffusible Factors Released by Astroglia
According to observations by Colombo and Napp [37, 38] , and Hunter and Hatten [39] , conditioned medium by confluent embryonic cell cultures of astroglia showed evidence of releasing diffusible inducers of radial glia and neuritogenesis in the in vitro settings. Our contribution further stressed the compatibility and potential usefulness of this in vitro model for the ex vivo analysis of factors affecting the molecular dynamics that are involved in neuronal migration. Figure 9 illustrates characteristic neuronal adhesion to radial glia and their leading and trailing processes. These radial glial cells expressed laminin and 401-R antigens. In pathological conditions, such as Parkinson's disease, when considering that cerebrospinal fluid (CSF) from L-DOPA treated Parkinson's disease patients is dystrophic to neuronal cultures, possible diffusible messengers released into the CSF affecting astroglial cells [40] may intervene in the progression of associated brain pathology. Figure 10 illustrates the effect of CSF preincubation with cultured control glia on the otherwise deleterious effects of cerebrospinal fluid from patients with Parkinson's disease treated with L-DOPA.
The reported trophic influences of glia [37, 38, 40, 41] prompted its implementation in a cell transplantation chymera in a non-human primate in the in vivo system, based on the intracarotid administration of the neurotoxin1-methyl-1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in Cebus apella monkeys [42] . Following bilateral astroglial transplantation, significant In pathological conditions, such as Parkinson's disease, when considering that cerebrospinal fluid (CSF) from L-DOPA treated Parkinson's disease patients is dystrophic to neuronal cultures, possible diffusible messengers released into the CSF affecting astroglial cells [40] may intervene in the progression of associated brain pathology. Figure 10 illustrates the effect of CSF preincubation with cultured control glia on the otherwise deleterious effects of cerebrospinal fluid from patients with Parkinson's disease treated with L-DOPA.
The reported trophic influences of glia [37] [38] [39] [40] [41] prompted its implementation in a cell transplantation chymera in a non-human primate in the in vivo system, based on the intracarotid administration of the neurotoxin1-methyl-1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism in Cebus apella monkeys [42] . Following bilateral astroglial transplantation, significant performance improvement in a spatial delayed response task was observed, although it failed to modify perseveration in an object retrieval detour task, or to improve motor clinical rating. These observations suggest the possibility of dissociating brain circuits that are subserving various motor and cognitive performances. It should be added that the experimental design should take into consideration cognitive premorbid training effects, to avoid any interference with the interpretation of changes due to transplantation proper [43] .
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Environmental Effects on Glial Response to Injury and Dye Coupling
The reported effects of environmental enrichment (EE) on neuronal events [44] [45] [46] suggested the need to analyze glial cell responses to such contingencies. We have studied this in two different protocols. One, in terms of recovery after cortical mechanical lesioning [47] , with results suggesting that the exposure to EE conditions prior to injury attenuates the post-lesional astroglial GFAP-response in the perilesional cortex of rats, and, hence, could modulate post-lesional reactive components. This requires further studies to characterize the mechanisms that are involved.
In the second protocol, we analyzed glial dye coupling in fresh tissue sections from rat motor cortex, after varying periods of EE. These studies reported several observations, but in terms of EE 
In the second protocol, we analyzed glial dye coupling in fresh tissue sections from rat motor cortex, after varying periods of EE. These studies reported several observations, but in terms of EE on cell coupling in cortical laminae II-III, 30 days of EE resulted in a significant increase in the area of cell coupling, but not in the number of coupled cells, with a concomitant decrease in cell density, suggesting a volume increase in intercellular-gliopil-space [48] . These results can be interpreted as a spatial expansion of the glial net, perhaps involving an increase in glial connectivity. Further studies should clarify the mechanisms underlying such gliopil expansion (e.g., astrocyte hypertrophy), and whether changes in neuronal and vascular elements also take part in the process following EE.
Summary and Conclusions
Significant recent advances have been made in our understanding of general mammalian characteristics of glial cells and their roles in brain functional organization. However, care must be taken when extrapolating data to primate species. The absence of interlaminar glia in rodent species is an excellent case in point of such limitations. Critical functional knowledge must be based on primate species if we are to understand the role of glia in the complex organization of human and primate brains. In particular, "general mammalian" glial functional characteristics need to be critically assessed in light of interspecies differences in order to appreciate their significance in the cognitive and emotional processes that underlie primate and human behavior. For this purpose, continuously improved experimental procedures in primate species, such as in vitro cell culture, ex vivo organotypic brain slice preparations, and in vivo functional brain imaging and limited brain sampling procedures, would provide efficient means to accomplish such critical aims in highly protected species.
